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LIST OF FIGURES AND TABLES

This report contains a very large mumber of figures and tables to
support and clarify the text. In order to preserve ready continuity of
technical discussion, and for reader convenience, the large detailed list
of figures and tables is placed at the end of the report in Appendix G.

For convenience of reference, the following scheme is used to aid
figure/table ready identification/location.

1. Ingenera.l the first character (mmber or letter) of a
flgtmortablenmba-(eg., 1-2, 2-3, A~1, C-2, etc.)
idattlfmiesthereport section or appendix in which it is

2. An exception is figure and table mmbers with letters (A, B,
C... Q) afterthemmnaldlget (e.g., 3C) which refer to

fiqures and/or tables in prior independently prepared
documentation used to support this report text




GLOSSARY OF TERMS

Acryonyms (abbreviations)are used throughout the text. They are
defined in most instances when first used. For convenience of reference,
they are listed below.

AE = Acoustic emmission

BM = Base metal

CCT = Center cracked tension panel R-Curve test specimen

CRES = Corrosion resistant steel

Cryo = Cryoformed

Cryoformed = A plastic deformation forming process at cryogenic (-320°F)
temperature

CT = Compact tension R-Curve test specimen

EDM = Electron discharge machining

Elox = another name for EDM

FPS = Frames per second

GHe = Gaseous helium

HAZ = Heat affected zone (of weld)

Hi - Cams = High speed cameras

JR Curve = A plot of J-integral values proportional to the areas under the

load-displacement curves vs. crack growth generated during tests
of pre-cracked material specimens.

LBB = Leak-before-burst (failure mode)

PICES 2D = Physics International Corporation two-dimensional transient
computer program

PC = Chamber pressure

PSC = Prestressed composite

PV = Vessel pressure

R-Curve = A continuous record of toughness development in terms of crack

growth resistance KR plotted against crack extension in the material as a

crack is driven under a continuously increased stress intensity factor, K
SG = Strain gage

SPP = Samples per second

TC = Thermocouple

VHS = Very high speed

WM = Weld metal

2D = Two dimensional

1D = One dimensional

¢ = Diameter

-viii-
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Key program results are briefly summarized below. They are more

fully described in the main text.

1.

Fail safe Demonstrated

"Pail Safe" (leak/fiber rention of liner fragments) has been
demonstrated experimentally at 2500 - 5600 psig gaseous helium (GHe)
operating pressure for 16" and 22" diameter (¢) prestressed composite
(PSC) Kevlar overwrapped tanks. The 3Cl1 Cryoformed corrosion resistant
steel (CRES) liners were intentionally hydrogen embrittled to achieve a
brittle failure mode at operating pressures. Measured fiber strains
are predicted by "static" structural response for liner global
embrittlement mode. Here, global refers to the entire liner inside
surface less bosses. Significant dynamic structural response (about
1.5 - 1.7 dynamic amplification factors) was noted for the liner local
girth weld heat affected zone (HAZ) embrittlement mode which
experimentally simulated the transient worst case structural model.
Similar dynamic fiber strain amplification was measured for local
boss/head weld HAZ embrittlement of the liner. Girth embrittlement is
considered more critical since the liner fragmented into two pieces at
the girth. The embrittled boss region, although cracked, was still
attached to the rest of the liner (no fragments) and the liner could
still resist some load as an "intact" one piece shell.

A single small fragment metal liner brittle rupture failure mode was .
also investigated. Analytic considerations and experimental evidence,

as detailed in Appendices E.5, E.6 and F, showed this failure mode to

be less critical than local girth or boss embrittled failure modes

discussed above.

Failure Modes Predicted

Failure pressure and failure mode (metal plus fiber) were predicted and
experimentally verified for 16" ¢ PSC sphere “"sure fail"™ designed unit
with local girth weld embrittled liner and S0% of baseline fiber
thickness. Margin test 16" ¢ vessel (83% fiber thickness and local
girth weld embrittlement) gave experimental results very close to
expected failure/retention mode values. Dynamic amplification at liner
brittle rupture was slightly higher than anticipated. 16" ¢ 90% fiber
thickness and 22" ¢ PSC tanks demonstrated fail safe behavior, as
predicted.

- Leak-Before~Burst (LBB) Mode Demonstrated by Test

Operating pressure cycle tests of vessels with Elox (EDM) machined

defects in 301 cryoformed CRES liner walls showed benign leak mode for

GHe and hydraulic pressurants. A globally embrittled PSC vessel

cryoformed 301 CRES liner with hundreds of thru, continuous cracks

showed benigh leak mode for a GHe operating pressure test. R-Curve and

vessel fracture mechanics tests demonstrated that cryoformed 301 CRES .




is a tough, high strength material that gives LBB mode. Significant
results obtained were a plane stress critical R-Curve stress intensity

of 180 ksi / in for parent material, weld and HAZ at high tensile
strength (200 - 260 ksi). Metal vessel thru cracks grew in a stabile
manner up to four (4) times the wall thickness before reaching critical
size. This indicated significant LBB safety margin since LBB is
considered demonstrated if thru cracks grow to two (2) times wall
thickness before becoming unstable.

Analytic Predictions Verified

Analytic predictions of fiber strains/failure modes were in reasonable
agreement with experimental results. Computer two-dimensional (2D)
structural models and a simplified one-dimensional (1D) analytic model
were thus verified.

A "Fail Safe" Tank Design Guide Developed

A guide for the design of Kevlar -49 fiber overwrapped metal composite
tanks that will "fail safe" if the metal liner ruptures suddenly at
operating pressure was developed based on structural theory and test
data. The design guide simply relates fiber operating stress and metal
stress increment (operating stress minus initial stress) to the
required fiber to metal thickness ratio to achieve retention by the
intact fiber shell of any metal fragments generated. Here, fiber
stress refers to the fiber load divided by the fiber less resin cross-
sectional area. The resin is presumed to carry zero load.

Key Experimental Techniques Developed

Test procedures/technique/set-up/instrumeatation were developed as
required to accomplish successful transient GHe pressure testing of
fiber overwrapped prestressed composite pressure vessels and to
accurately monitor the extremely short time fiber strain
response/pressure/temperatures. In addition, techniques and parameters
required to intentionally hydrogen embrittle the PSC 301 cryoformed
(Cryo) CRES liners in a controlled manner so that they failed in a
predetermined brittle way at predetermined/pressure/stress/time were
developed and experimentally verified.




1.0 INTRODUCTION

Prestressed composite (PSC) fiber overwrapped metal pressure

vessels’,’* have wide use for gas storage because of their light weight.
Typical maximum operating pressures are in the range of 3000 - 5000 psig
which could cause catastrophic damage in the event of tank rupture.
Therefore, safety considerations for personnel working in the vicinity of
PSC tanks are very important. PSC tanks because of their two load carrying
members (fiber and metal) have a potential safety advantage. In the event
that the metal component was to fail catastrophically during operation
(metal liner ruptures at operating pressure), the load carried by the liner
could be possibly transferred to the non-failed fibers so that the metal
liner fragments (if any) would be non-hazardously contained and the
pressure vented by leaking gas through the porous outer fiber shell.

Up to the present, no appropriate experimental evidence was available
to prove these potential safety advantages of PSC tankage and no systematic
study had been made to analytically define the pertinent tank parameters
relating to fail safe behavior. The Air Force, therefore, funded a
research and development program to establish and verify the design basis
of PSC pressure vessel construction that can exhibit the desired safety
advantages. ARDE, INC., under Patrick Air Force Base Contract No. F0-8606-
84-C-0029, "Kevlar Overwrap Study”, investigated experimentally and
analytically the circumstances under which PSC tankage will "fail safe" at
operating pressure load. The objective being to define a test-verified
"generic” rationale for the design of fail safe PSC tankage consisting of a
metal liner overwrapped with Kevlar -49.

Two sudden metal liner failure modes were investigated; a brittle
liner (unstable, crack growth) failure and a ductile liner (stable, leak-
before-burst) failure. The metal liner failure mode depends to a large
extent upon liner toughness. Fiber toughness is not germain since a basic
ground rule of this study is that the fiber wrap has no "initial flaws".
The discussion of toughness in this report, therefore, relates entirely to
the metal liner. The PSC tankage used in the program is Kevlar -49 fiber
overwrapped cryoformed 301 CRES spherical pressure vessels. The cryoformed
301 CRES liner selection was for convenience. The target was to have the
program output relate to any liner material. Both 11 inch diameter
subscale and 16 and 22 inch diameter full scale vessels were tested. The
full scale 16 inch PSC tanks are similar in size and configuration to those
produced for high pressure gas storage on British Aerospace’s Olympus
Satellite (Fig. 1-1). The 22 inch full scale PSC tanks are similar to
those built for high pressure helium gas storage on General Dynamics
Centaur vehicle (Fig. 1-2). Fiber thicknesses were modified to suit test
program requirements. The brittle liner failure mode was achieved through
intentional embrittlement of the metal liner by establishing a "battery"”
for charging the metal liner with hydrogen gas for an extended period to

* Numbers in superscript refer to references listed in section 4.0.




Olympus Cryoformed 301 S/S
Kevlar 49 Overwrap Prestressed
Composite Pressure Vessel
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assure saturation and then applying operating pressure to the tank. In
addition, the liner inside surface was "sensitized" by pickling and the
hydrogen embrittlement reaction enhanced by the addition of sodium arsenite
to the "battery" electrolyte solution. Subscale all metal vessels were
tested first to develop hydrogen embrittlement parameters, followed by
testing of subscale and full scale PSC tanks. The leak-before-burst (LBB)
stable crack growth mode was induced by EDM machining appropriate defects
in the liner wall followed by cycling at operating pressure to produce
crack wall breakthrough. Both subscale and full scale PSC tanks wer
tested. In addition, uniaxial tensile R curve tests of appropriate
cryoformed CRES specimens were conducted to provide additional liner
fracture mechanics data for LBB verification.
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Fig. 1-2
CENTAUR CRYOFORMED 301 S/S KEVLAR 49 OVERWRAP
PRESTRESSED COMPOSITE PRESSURE VESSEL




2.0 TECHNICAL DISCUSSION

This section discusses the various technical program tasks and
provides details of analytic and test approaches and results. Both
successful and unsuccessful approaches are described since one can learn as
much, _if not more, from failure compared to success. As an aid to
subsequent discussions, Figure 2-1 defines PSC tank components and regions.

2.1 Qverview

The basic objective of the program was to provide valid data enabling
definition of "fail safe" design criteria for Kevlar -49 fiber overwrapped
metal PSC vessels in the event that the metal liner should fail suddenly at
operating pressure. To accomplish this objective, program effort involved
the tasks outlined below. These tasks and their results are more fully
discussed subsequently in the order listed below.

1. Postulate failure models/modes

2. Verify fiber ultimate strain

3. Define and verify metal liner hydrogen embrittlement
techniques/parameters.

4. Obtain experimental uniaxial R-Curve fracture mechanics data
for the liner and verify its leak-before-burst failure mode
by vessel tests.

5. Obtain "fail safe" data for brittle liner failure mode by
full scale PSC vessel tests for liner global hydrogen
embrittlement, local girth weld heat affected zone and local
boss/head weld heat affected zone hydrogen embrittlement
cases.

6. Correlate test results and refine structural models/failure
modes as required by experiment to facilitate definition of
"fail safe" PSC vessel design criteria.

2.2 Failure Mode Pogtulation and Analysis

The objective of the analysis is to predict the onset of Kevlar -49
fiber overwrap failure in response to an instantaneous metal liner failure
of a PSC spherical vessel. This PSC tank structural analysis and failure
mode modeling was accomplished by a two-dimensional transient stress

analysis using PISCES 2 DELK computer program* and a simplified one
dimensional lumped transient model as described in Appendix A. One-

dimensional static calculations based on a prior formulation® were also
used in the test data correlation, as appropriate.

Fiber failure was presumed at the test verified 2% fiber less resin
ultimate strain value. Two (2) liner failure modes were considered in the
PISCES transient analysis; an instantaneous unstable brittle liner girth
crack and an instantaneous liner stable polar hole.
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As subsequently discussed, agreement between PISCES analysis predicted
and measured strains was reasonable. The one-dimensional models also gave
good agreement with test results and failure modes predicted were verified
by test.

2.3 - Eibex Ultimate Strain Verification

A fiber ultimate strain of 2% was verified experimentally, in
agreement with other data®, by burst pressure tests of strain gage
instrumented 6" ¢ fiber wrapped cylinders having small angle helical fibers
in addition to hoop fibers, as sketched on Figure 2-2. The test specimens
vere designed to fail in the hoop fibers. The hoop fibers correspond to
the theoretical "isotensoid" great circle fibers of a spherical fiber wrap.
The classical stress/strain transformations® for fibers at different
orientations and fiber less resin Young's Modulus used in the failure
modeling analysis were also confirmed by these tests. Details of the
experiments and test data correlation are given in ARDE Report EG 42001-1,
contained in Appendix D.

2.4 Liner Hvdrogen Embrittlement Parameter Definition and Verification

The requirements/objectives of the intentional liner hydrogen
embrittlement were to cause a brittle liner "catastrophic" failure at
typical operating stress levels of 45 - 50% of ultimate (100 - 110 ksi)
within eight minutes of pressurization. This requirement was dictated
by the limited run time of the high speed recording tape or camera film
during the test. To meet these objectives, numerous hydrogen embrittlement
tests of subscale 11" ¢ all metal and 16" and 22" ¢ PSC spheres were made
to define and confirm the appropriate liner embrittlement processing
parameters. Liner global ewbrittlement and local girth and boss weld zone
embrittlement modes were investigated. The basic technique used is
schematically indicated on Figure 2-3. A lead anode is immersed in the
dilute sulphuric acid solution electrolyte contained in the tank interior
with the metal liner functioning as the cathode. A controlled source of
current is used to complete the circuit generating hydrogen gas which
diffuses into the liner wall. These hydrogen embrittlement experiments led
to the parameters given in Appendix B. Details of the all metal subscale
11" ¢ vessel and the 16" ¢ and 22" ¢ PSC sphere hydrogen embrittlement
tests are given in the Appendices B and E, respectively.

In early experiments, the metal tank (liner) was embrittled in the
horizontal position and rotated about the bosses to preclude boss
embrittlement. This proved to be impractical and the vertical embrittling
mode shown in Figure 2-3 was used for testing. Maskant was utilized to

. protect selected liner regions against embrittlement.

Acoustic emission monitoring was used initially in attempts to define
characteristic acoustic signals indicating sub-critical cracking and onset
of brittle liner failure. No characteristic signal(s) indicating onset of
brittle liner failure could be determined from the acoustic data obtained.
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This effort was discontinued because brittle liner failure control had
improved due to better hydrogen embrittlement techniques and, in addition,
the significant work needed to develop appropriate acoustic emission
technology for this application was beyond the scope of the program.

. Different brittle failure modes were noted for the globally embrittled
all metal tanks and the globally embrittled fiber overwrapped PSC metal
tanks. The embrittled all metal tanks fragmented whereas metal liner
fragmentation was suppressed by load transfer of the cracking embrittled
metal liner to the fibers. This highlights the advantage of a structure
with two members capable of carrying load compared to a structure with a
single load resisting element. Figure 2-4 shows a cut apart intentionally
globally hydrogen embrittled PSC liner after test. The fiber overwrapped
spherical liner was intact in one piece despite the hundreds of continuous
through cracks shown. This is in contrast to the post burst test view of a
similarly intentionally embrittled all metal single load resisting member
tank given on Figure 2-5.

Leak-before-burst (LBB) tests were conducted on 11" ¢ .06 thick
prestressed composite (PSC) 301 cryo CRES spherical liners overwrapped with
Kevlar -49 fibers and on 11" ¢ and 23" ¢ all 301 Cryo CRES spherical
vessels. Elliptical part through thickness flaws were elox machined (EDM)
on the 0.D. surface of the all metal vessels and on the I.D. surface of the
PSC tanks. Typical flaw geometry is shown on Figure 2-6 for the 23" ¢
tank. Operating pressure cycling tests (3500 - 5000 psig) were performed
with pressurizing media of hydrulic fluid and gaseous helium. Failure mode
was benign leak in all cases with through crack stable growth as long as
four (4) times wall thickness before failure. Since LBB is considered
proven by stable through crack growth of two (2) times wall thickness
before failure, a large LBB safety factor has been demonstrated.

Sustained load tests of all metal 301 Cryo CRES tanks at 4000 psig
pressure level were conducted after pressure cycling experiments for
durations up to 48 hours without any additional crack growth. This result
verified the safe, stable mode of the through cracked tanks under constant
operating load.

Uniaxial R-Curve tests were performed on 301 cryo CRES through center
cracked tension panels and compact tensile specimens. Figures 2-7 and 2-8
show test specimen geometry. The R-Curve test results gave a plane stress

critical stress intensity, Kc of 180 ksi / in for parent material, weld or

heat affected zone as well as a crack initiation stress intensity, K;E >

100 kis J/ in for uniaxial strengths as high as 260 ksi. These uniaxial R-
Curve tests, verified by vessel tests, showed that 301 cryo CRES is a
tough, high strength material that demonstrates leak-before-burst (LBB).




FIG. 2-4 GILORALLY HYDROGEN EMERTTTLED PSC LINER AFTER TEST




FIG. 2-5 POST TEST VIEW OF HYDROGEN EMERITTLED ALL METAL
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Details of the vessel LBB experiments and the uniaxial R-Curve tests
are given in ARDE Report EG 42001-14 contained in Appendix C.

2.6 Full Scale 16" ¢ and 22" ¢ PSC Vesgel Tests
2.6.1 Qverall Test Description

2.6.1.1 Tegt Vessel Description

Full scale (16" and 22" ¢) PSC operating pressure tests with 2500 -
5600 psig gaseous helium were conducted by AFAL, Edwards AFB, California,
at Area 1-52, D-Pad. The Kevlar overwrapped 301 cryo CRES spherical
composite vessels, Figures 1-1 and 1-2, had intentionally hydrogen
embrittled liners. The 16" ¢ tank liner thickness was kept constant at .05
inch, nominal. Kevlar -49 fiber thickness was varied to suit program
needs. The baseline 16" ¢ tank fiber (less resin) "average" thickness
(100%) was .154 inch, the same as the flight units delivered to British
Aerospace for their Olympus Satellite high pressure gas tank. The 22" ¢
composite tank configuration, Figure 1-2, was the same as the flight high
pressure gas tanks delivered to General Dynamics for their Centaur vehicle.
Average Kevlar fiber (less resin) thickness was .192 inch with a .044 inch
thick 301 cryo CRES liner. The original program plan called for the use of
all 16" ¢ full scale test tanks for consistency of data base, but one 16" ¢
tank was ruptured in fabrication due to inadvertent damage during the resin
cure operation of the fiber wrapped tank. The failed 16" ¢ tank was ‘
replaced by an existing 22" ¢ tank asset to minimize schedule and cost

impact.
2.6.1.2 Meagsurements

Pressures, fiber strains, girth diametral displacements and
temperatures were monitored to provide "fail safe" brittle liner failure
mode test data. In some instances, air blast and fragmentation data was
obtained. The 16" and 22" ¢ PSC vessel test matrix is given in Appendix
E.2.

2.6.2 Test Procedure, Set-up, Instrumentation

2.6.2.1 Overview

Testing and monitoring PSC vessel structural response after sudden
brittle liner failure presented some experimental technique challenges.
Primary areas of concern were the monitoring of the extremely short fiber

strain transient events of interest (the order of 1074 to 1076 seconds) and

the mounting of strain gages on the uneven, bumpy, fiber matrix surface to

measure the strains. In addition, gas compression work, due to the

necessary rapid pressurization rate to reach operating pressure before

embrittled liner failure, could raise test tank temperatures to

unacceptable levels. These primary test challenges were successfully met

by development of a suitable strain gage mounting technique and

utilization of high strain response, post yield strain gages coupled to a ‘
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high frequency response recording system. In addition, use of a liquid
nitrogen heat exchanger and properly sequenced pressurization mode provided
sufficiently cool helium gas into the test tank.

2.6.2.2 System Checkout Tests

The instrumentation requirements/test procedure guidelines to achieve
the testing objectives were defined by ARDE document EG 42001-5, given in
Appendix E.1. These requirements/procedures were modified, as required,
based on a series of system checkout tests using various size/configuration
vessels. Initial system checkout utilizing a practice vessel approximating
the size of the actual test articles determined the selection of gaseous
helium in lieu of gaseous nitrogen as a pressurizing agent. Initial
checkout tests showed that helium reduced cycling time and/or time to
operating pressure by more than 50%. Additionally, many of the vessel
tests required high pressurization rates to obtain 5000 psig test vessel
pressure within 90 seconds, which gaseous nitrogen could not achieve.

Follow-on system checkout tests, described in ARDE letters 52001-KOS-
084 (3 Feb. 1986) contained in Appendix E.1, herein, defined test system
operational parameters and resolved testing problems. As aforementioned
in gsection 2.6.2.1, test vessel temperatures during pressurization were
expected to exceed the maximum allowed value (140°F). To prevent damage to
the Kevlar fiber overwrap, a heat exchanger was installed to cool the
incoming helium pressurizing gas. Many tests were needed to determine the
required heat exchanger tube length and cooling medium. Only liquicd
nitrogen was found to be able to safely and adequately supercool the
gaseous helium to overcome the compression heating.

Additional problems were encountered during initial pressurization due
to the volume of ambient air trapped in the system and test vessel. Two
vent valves were installed, one to vent warm air from the system and one to
vent incoming gas from the test vessel. When these valves were cycled in
series with the pressurization valve, the test vessel metal boss
temperature could be reduced to 60° F and the test vessel gas temperature
to 20° F. These temperatures were required in order not to exceed the
maximum zilowable test vessel temperature of 140° F during final
pressurization.

2.6.2.3 Jest System Description/Schematics

Figure 2-9 is a schematic sketch of the instrumentation/test set-up
initial projected. The actual plumbing and component placement used, as
influenced by the system checkout test experiences, are shown on
Figure 2-10.
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2.6.2.3.1 Mechanical System Components

Helium for testing was provided by a dual bank trailer. Bank 1 was
pressurized to 6,000 psi and bank 2 was pressurized to 8,000 psi. Total
trailer volume is 100 cubic feet at 10,000 psi. Gaseous nitrogen for valve
actuation was obtained from a 120 psi source on D-Pad. Valve SV-0-001 is a
20,000 psi remote actuated 3/8 inch valve and is used as a system isolation
valve only. Valves SV-0-002, SV-0-003, and SV-0-004, located in the valve
box, are remote single action valves rated at 10,000 psi. Their port
orifices are 0.125 inch, with seat orifices of 0.093 inch, and have a flow
coefficient of 0.135. Valve SV-0-002 is the vessel pressurization valve,
while SV-0-003 and SV-0-004 are the line and vessel vent valves
respectively. All pressure lines are 3/8 inch outside and 1/8 inch inside
diameters and are rated at 10,000 psi. Total length of line from the
isolation valve to the test article is 280 +/-5 feet. A series of three
complete loops totaling 60 feet is contained in the heat exchanger box.

2.6.2.3.2 V¥itness Panels

The witness panels, as shown on Figure 2-11, consist of an angle iron
frame measuring 8 x 8 feet. Each panel contains two 4 x 8 foot sheets of 1
inch thick "Celotex"” (IM) backed by 0.0940 inch aluminum. This
configuration closely approximates the environment where the vessels to be
tested are currently utilized. Each panel assembly is anchored to hinge
points imbedded in concrete and are mounted approximately one foot above
ground level. They connect at the top to form a 12 sided polygon 30 feet
in diameter with one section deleted to facilitate camera viewing. The
frames are designed to break away and fold back to prevent excessive damage
due to overpressure or for stowage in high winds.

2.6.2.3.3 Photographic Coverage

Pre and post test stills were taken, of each vessel tested. Three Hi-
Cams (1000 FPS) were used in an attempt to record events. The cameras were
activated in series along the pressure curve at points selected by the test
engineer as the most likely to be the start of an event. Early attempts
were not always successful. The unknown behavior of the test article
combined with the short run time of the cameras resulted in many missed
events. The addition of a high speed video monitor connected to a very
high speed (VHS) recorder allowed for more continuous coverage. Exposure
at 1/60th of a second, combined with the slow motion play back capability
provided excellent fragmentation coverage.
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2.6.3 16" and 22" ¢ PSC Vessel Test Results

The full scale 16" ¢ and 23" ¢ PSC vessel GHe pressure test results
are summarized in Table E-1 of Appendix E.2. The effects of varying
hydrogen embrittlement electrolyte solution charging current density,
pickliing the liner I1.D. and adding sodium arsenite to enhance the
embrittlement reaction snd global versus local girth and boss weld area
embrittlement were investigated in the experiments. The investigation was
limited in nature since hydrogen embrittlement, by itself, was not the
primary research and development issue. Fiber thickness was varied as
required to achieve "fail safe" liner fragment retention/benign pressure
venting mode, "sure failure” of liner plus fibers and "fail safe" margin
data at operating pressure.

As shown in Table E-1, tests RV-4 and RV-5 demonstrated fail safe mode
at operating pressure for the globally embrittled 100% fiber thickness 16"
¢ PSC vessel configuration. Test RV-5 showed the enhanced intentional
embrittlement effect due to increased GHe charging time, pickling of liner
I.D. and adding sodium arsentite to the electrolyte solution. Fiber strain
response data was correlated by static structural behavior. A photograph
of prior discussed cut apart RV-5 "fail safe mode"™ test tank is shown on
Figure 2-4. The enhancement in the intentional hydrogen embrittlement is
evidenced by the multitudes of connected through cracks seen in the
photograph.

Experiments RV-7 and RV-9 with 16" ¢ tanks demonstrated the fail
safe/fragmentation retention/benign leak mode at operating pressure with
local girth weld heat affected zone (HAZ) intentionally embrittled liners.
These tests simulated the worst case structural model which assumes an
instantaneous unstable crack of the entire girth weld. The liners broke at
the girth and separated into two halves during the test. The fibers were
intact. Large dynamic fiber strain spikes were observed. Figure 2-12
shows the strain spike monitored by strain gage 12. Tension is negative.

The as designed intended "catastrophic® brittle liner and fiber both
fail mode was demonstrated by test RV-10 of a local girth region 16" ¢ PSC
test sphere at design operating pressure with reduced fiber thickness (50%
of baseline). Liner separation/fragments were as predicted. Large fiber
strain spikes were observed at/near failure. Fragmentation and

overpressure data were obtained. Typical fragments are shown on Figure 2-
13.

Both the fibers and the local girth area embrittled liner failed in
the RV-11 experiment with the 83% of baseline fiber thickness 16" ¢ PSC
test vessel. The failure pressure was very close to the predicted value.
The expected large fiber dynamic strain spikes were observed. Overpressure
and fragmentation data were obtained. Strain gage measurements indicate
that the fibers came very close to remaining intact per the no failure
prediction.
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FIG. 2-13 INTENTIONAL "SURE FAIL"™ BRITTLE LINER RV-10
TEST TANK FRAGMENTS
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A "fail safe" benign leak failure mode was demonstrated by RV-14A
tests with 90% of baseline fiber thickness 16" ¢ test vessels. Based on
RV-7 to RV-11 and RV-14 and 14-A tests, one estimates that the "dividing
line"” between "fail safe" fragment retention and catastrophic failure for
the critical girth weld embrittled liner mode 16" ¢ test tanks is at a
fiber thickness slightly greater than 83% of baseline (say 85% of
baseline). A more meaningful and proper "fail safe" criterion in terms of
fiber stress and metal stress increment at operating pressure and fiber to
metal thickness ratio is detailed in section 2.7 based on the test data
correlations discussed in section 2.6.4 which follows.

Tests RV-12 and RV-12A demonstrated fail safe modes for local
boss/head weld embrittled liners of the 22" ¢ PSC test tanks. Although
significant liner cracking occurred in the local boss/head weld embrittled
region, the boss did not separate from the liner head. Dynamic fiber
strain amplification effects were similar to those measured in the local
girth weld embrittled tests. Girth embrittlement is considered more
critical since the liner fragmented at the girth into two pieces whereas
the boss embrittled liner was still in one piece and could resist load as
an "intact” shell.
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2.6.4 PSC Vessel Test Data Correlation

The full scale PSC test data was correlated utilizing the two-

dimensional finite difference transient computer program PISCES 2 DEL.KA and
simplified one-dimensional models as discussed in Appendix A. The test
data was used to refine the models and derive equivalent dynamic
amplification factors that would result in 2% fiber ulctimate strain. In
general, agreement between strains calculated from theory and strains
measured during testc was reasonably good. Predicted failure modes were
verified by the experiments. Sample test data correlation calculations and
pressure and strain versus time plots are given in Appendix F.

Agreement between measured strains and values predicted by PISCES
computer program was reasonable. PISCES computed results were conservative
since they were greater than the measured strains. Typical results
obtained were 13505 to 13870 maximum computed meridional micro delta
strains compared to the 10600 to 11900 maximum micro delta meridional
strains measur24 as detailed in Appendix F. Predicted PICES 2D strains
were thus 22% higher on average compared to measured strains. Improved
strain test data correlation was obtained using a slip boundary condition
at the fiber/metal interface, rather than a completely bonded condition.
The slip condition gave higher strains than the completely bonded case as
shown on Figure 2-15.

The simple one-dimensional (1D) transient model which presumed
instantaneous total liner loss of strength/stiffness gave even better
results. The strains predicted by the simple 1D model, while still
generally conservative, were less than the PISCES results (Figure 2-14)
and, therefore, closer to the measured strains. Figures 2-16 to 2-19 show
typical measured transient fiber strains for experiments RV-7, RV-9 and RV-
1l1. Tensile strain is negative. Superposed on these figures are the
strains computed from the one-dimensional transient model. The quantity

€ ax is the maximum transient fiber strain after liner failure, ey the

static fiber strain prior to liner failure and e, the static equilibrium

fiber strain presuming liner loss of strength/stiffness. It is seen that
agreement between simple one-dimensional theory and test is quite good.

The one-dimensional equivalent static model constructed, based on
prior developments3®, assumes that the pressure to cause 2% ultimate fiber
strain is composed of the static pressure the fibers were carrying before
liner sudden failure plus a dynamic amplification factor, &, times the
static pressure the liner was carrying before it failed. Based on the test
data, dynamic amplification factors in the range of & = 1.5 - 1.7 were
derived for the critical local girth weld heat affected zone (HAZ)
embrittlement and the local boss/head weld embrittled liner failure modes.
Measured fiber strains for the liner global embrittled failure mode were
correlated by static structural behavior (& = 1). This equivalent static
model, together with the test derived & values were used to derive the
design guides discussed in section 2.7.
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TWO-DIMENSIONAL CALCULATIONS AT 4000 PSI '
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- OVERWRAP IS ATTACHED TO THE LINER

e y A e ot b b 4
L0154 S
z
< 4
& : '
o [ 3
b 4 . [
z ] M A {
e ., /1
= ] N
o] ]
s f
2 3
= 4
] 1 .
= .00 1 s
b~ 2
‘ a
> J
1
) [
0,0 4 trrrrrt ey St evrr f ey vt
20.0 40.0 60.0 €o.0
ANGLE, degrees ‘
= Longitudinel strata eaveiops for besgline case.

ZERO FRICTION
OVERWRAP IS NOT ATTACHED TO THE LINER

L

.015

. 065

MAXIMUM LONGITUDINAL STRAIN

b dnd cdd fbedodh fobe b b af b chdadfodab hde fubodnd by -‘q

i

Q.0 et

20.0 0.0 800  eo0 .
ANGLE, degrees

FIG. 2-15 TWO-DIMENSIONAL CALCULATION PEAK MERIDIONAL STRAIN VS. ANGLE

2-24




R

TE81 8y= esm - vg_rw_gm_fuw -

FIG. 2-16 FIBER STRAIN VS. TIME, TEST RV-7,
STRAIN GAGE NO. 6

KEYLAR YESSEL TEST RY-3. €/M 41Vi. $/1t 002, _$ OCI 8C

. % i.:—i.:.-:..r:r.—iza‘ o 7 Y :,:-..,J.—p.—l-;*.- di dea

Y -} ==} <L‘§§ o ] e e | avman] cwmefe.
N R .:‘s‘__ e . G e,
. /Akl
- ‘h‘ -] o) ame 3 - 2 g g
.':'x'#!.:..:” B -
0 i o . ol s s sl O O P

FIG. 2-17 FIBER STRAIN VS. TIME, TEST RV-9
STRAIN GAGE NO. 14

2-25




TEST RV-11, sG 4, 12, 20

N Equator Meridional

PO R T O N I LT Y X 1 "
PPt

.l.'c!dl’é' I o I I s bd

¢ ‘ﬁﬁ" \‘,;‘aw‘| ' = B e s l

FIG. 2-18 FIBER STRAIN VS. TIME, TEST RvV-11,
STRAIN GAGES 4, 12, 20

2~26

-!

.f-@ L




— - NP ety 30 Se.se.

TEST RV-11, sG 2, 10 18

L
et == =
1
, 5G

N Pole Meridional

LR P T T L

02 '~

]

i

od

JHb" -

: _.I...‘..l ...T. .i:a.u .. i:- jm SArAn SO0 181 09.00. Pra <108, bou 0e & w1 80
4 SG 10 . SG 18 .

[ —; -— -L A ' ‘
1
9 HS:

; ’[’j - :.-tu
N O S 8 Y o '-s'J-‘r R R 3 RS “-:Lr-r.r.‘L"rJ-

FIG. 2-19 FIBER STRAIN VS. TIME, TEST RV-ll,
STRAIN GAGES 2, 10, 18

2-27




2.7 Fail Safe Design Gujde
2.7.1 Spherical Vessels

A "fail safe" spherical prestressed Kevlar fiber overwrapped tank
design guide, based on test data and structural models obtained/utilized on
this program is derived and defined in Appendix A. The pertinent equation,
given below again for convenience, is plotted on Figure 2-20.

Tee ™ 345 = 3.4 AaMO --~ (A-24)

te/ty
Here,

O¢0 ™ maximum allowable fiber (less resin) stress

(ksi) at operating pressure for "fail safe" fiber
retention of liner fragments generated by sudden liner
brittle failure at operating pressure.

Mo ™ design metal stress at operating pressure (ksi)

Oyy = Metal initial stress (ksi)
A”MO = %0 "~ %Mi " Metal operating stress increment

tf/tM = fiber (less resin) to metal liner thickness
ratio.

This design guide enables one to check a given prestressed composite
vessel design for fail safe liner fragment retention if the liner fails
suddenly in a brittle manner at operating pressure. Referring to Figure 2-
20 or equation (A-24), if for example, AUMO = 100 ksi for tf/tH = 3, the

maximum allowable fiber operating stress, %0 is 231 ksi. Liner fragment

retention by the fibers at operating pressure is thus indicated for fiber
operating stress, %o < 231 ksi. Conversely, one can find the minimum

fiber to metal thickness ratio for "fail safe" mode, given the fiber and

metal operating stresses. if O ™ 250 ksi and A”MO = 100 ksi, the

required minimum fiber (less resin) to metal thickness ratio from equation
A-24 is 3.58.

The fail safe design guide defined by equation (A-24) of Appendix A is
based on test data for Kevlar -49 fibers and cryoformed 301 CRES liners.
Test data for other fibers, especially graphite, are needed in order to
define applicable design guides.

2-28




FIBER OPERATING STRESS, o, (KSI)

=
2

0
METAL OPERATING STRESS INCREMENT, Aoy, (KSD

FIG. 2—20 KEVLAR OVERWRAPPED COMPOSITE SPHERE "FAIL SAFE"
FIBER OPERATING STRESS VS. METAL OPERATING STRESS INCREMENT

2-29



A program objective was to develop a “"generic" prestressed composite
vessel design guide, valid for any liner material overwrapped with Kevlar -
49 fibers, that would describe the circumstances under which the Kevlar
fibers would retain any fragments generated by sudden liner brittle failure
at operating pressure and permit benign venting to ambient of the contained
gas. Test data generated on the current program indicate that the results
are a function of the specific liner failure mode. Globally embrittled 301
cryo-CRES spherical liners with multitudes of through the thickness cracks
remained in one piece as load carrying shells at operating pressure and the
fiber structural response was essentially static. On the other hand,
locally girth weld heat affected zone embrittled liners separated into two
pieces and there was significant dynamic amplification of fiber static
operating pressure strains. It seems likely, therefore, that liner failure
modes for different liner materials would be a function of their material
properties, particularly toughness, which relate to the number and size of
fragments generated by the sudden liner brittle rupture at operating
pressure, corresponding to different levels of fiber strain dynamic
amplification. Additional tests with different liner materials wrapped
with Kevlar -49 fibers would be required to define/verify the appropriate
structural behavior/fail safe scenario and check the validity of the design
guide presented in this report.

2.7.2 Cvlindrical Vessels

A preliminary "first cut” design guide for fail safe liner fragment
containment by the fibers of a prestressed composite cylindrical vessel
wvhose metal liner fails suddenly in a brittle manner at operating pressure
is derived in Appendix A. It is plotted on Figure 2-22 and set forth
again below for continuity of text in equations A-31 and A-32. The
equation is based on the assumptions that the structural models/test data
generated on this program for spheres and 6" ¢ fiber wrapped cylinders are
valid and that the hoop fibers in the cylindrical region fail at .02 hoop
strain subsequent to sudden liner brittle failure at operating pressure.
Test data for Kevlar -49 overwrapped prestressed composite cylindrical

vessels are obviously needed to verify/improve the preliminary design guide
postulated.
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%m0 * 1;1 (Aauuo)s 345 --- (A-31)

B=- n, Am <=~ (A-32)
. Lty
As defined in the nomenclature of Appendix A and f‘igure 2-21,

Agy = hoop fiber (less resin) cross-sectional area per

fiber (in3?)
L = cylindrical length (in)
n, = number of hoop fiber turns

te = metal liner thickness (in)
om0 = hoop fiber (less resin) operating stress (ksi)

. %m0 = metal liner hoop operating stress (ksi)

“MHi = metal liner hoop initial stress (ksi)
A’HHO - (’HBO . "Hl-li) = metal liner hoop operating

stress increment (ksi)
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3.0 CONCLUSIONS AND RECOMMENDATIONS
3.1 Conclusions

3.1.1 Fail Safe Demonstrated

-"Fail Safe", benign leak/fiber retention of liner fragments has been
demonstrated experimentally for a range of tank structural and geometric
parameters at 2500 to 5600 psig GHe operating test pressures for PSC Kevlar
fiber overwrapped 301 cryo CRES spherical liners. The liners were
intentionally hydrogen embrittled to achieve sudden brittle failure modes
at operating pressure.

3.1.2 Fail Safe Design Guides Defined

Based on structural theory and test data obtained in this program,
"Fail Safe", benign leak/fiber retention of liner fragments at operating
pressure for Kevlar overwrapped metal composite tanks is a function of
fiber operating stress, metal stress increment (operating minus initial)
and fiber to metal thickness ratio. Guides to fail safe composite tank
design are defined in terms of these parameters for both spheres and
cylinders. It is presumed that test data generated for spherical geometry
is valid for cylinders. This hypothesis is based on similarity between
geodesic isotensoid fiber wraps (great circle sphere and hoop cylinder) and
validity of the dynamic amplification factor model. Tests are obviously
required to verify these assumptions.

3.1.3

eak

Operating pressure cycle tests of composite tanks with Elox machined
defects in 301 cryoformed CRES liner walls showed benign leak mode for GHe
and hydraulic pressurants. R-Curve and vessel fracture mechanics tests
demonstrated that cryoformed 301 CRES is a tough, high strength material
that gives LBB mode. Significant results obtained were a plane stress

critical R-Curve stress intensity of 180 ksi / in for parent material, weld
and HAZ at high tensile strength (200 - 260 ksi). Metal vessel thru cracks
grew up to four (4) times the wall thickness before reaching critical size,
demonstrating a large LBB safety factor. No further crack growth occurred
after up to 48 hours of sustained operating pressure subsequent to benign
leak. This verified the safe, stable mode of the thru cracked tank under
constant operating load.

3.1.4 Apalytic Predictions/Models Verified

Analytic predictions by 2D transient computer code model and simple 1D
lumped models of fiber strains/failure modes were in reasonable agreement
with experimental results.




3.1.5 Key Experimental Techniques Developed/Verified

Test procedures/techniques/set-up/instrumentation were developed to
accomplish successful transient high pressure GHe testing of fiber
overwrapped prestressed composite pressure vessels and to accurately
monitor the extremely short time fiber strain response/ pressure/
temperatures. Accurate experimental simulation of sudden metal liner
brittle failure computer model was accomplished. Techniques and parameters
required to intentionally embrittle the PSC Cryo CRES liners in a
controlled manner so that they failed in a predetermined brittle way at
predeternined pressure/stress/time were developed and experimentally
verified.

3.2 Recommendations

3.2.1 The use of high strength and high modulus graphite fiber overwrap
for PSC vessel construction is becoming more and more prevelant because of
the significant weight reduction possible. Indications are that graphite
fiber behavior may be different from Kevlar. Continuation of the "fail
safe” data base work of this program to encompass graphite fiber
overwrapped PSC vessels appears warranted and mandatory.

3.2.2 Tests of cylindrical fiber overwrapped PSC composite tanks are
recommended to verify the fail safe design guide for cylindrical geometry
defined herein which was extrapolated from results on spheres.

3.2.3 Test data obtained on the program indicate that fiber dynamic strain
amplification is a function of the failure mode of the liner. Large
dynamic strain amplification occurred when the liner fragmented into two
pieces. On the other hand, essentially static behavior was observed for
the cracked liner which remained intact and capable of resisting load as a
whole shell. It is anticipated that more severe fragmentation would occur,
all else the same, for a less tough liner material compared to a more tough
liner material. it is recommended, therefore, that PSC fiber overwrapped
tanks with different liner materials be tested to evaluate this effect.
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This section contains the Appendices used to amplify the discussions
given in the main text.

The Appendices consist of newly generated text and reference documents
that were prior generated on the program. PFor purposes of clarity and ease
of reference, figures/tables in the prior generated reference documents
have letters following the figure or table number, e.g., Pigure 1A,

Figure 2B, etc. The newly generated appendices text figures/tables numbers
have letters preceding the algebraic digits (e.g., A-1, B-2, C-2, etc.)
indicating their specific appendix location. A complete list of figures
and tables together with their locations is given in Appendix G, herein.



This appendix describes the analytic models used to investigate the
“fail safe” potential of Kevlar fiber overwrapped PSC tanks at operating
pressure and to evaluate and correlate the experimental data obtained in

the program.

The following items are treated in detail herein.

A.l Nomenclature
A.2 Two-Dimensional Spherical PICES Computer Model
A.3 One~-Dimensional Transient and Static Models and

"Fail Safe" Design Guides




A.1 Nomenclature

“:a = Hoop Fiber Area

Ata = Helical Fiber Area
d = Distance

B, = Composite (fiber + Resin) Young’s Modulus in Piber Direction

Composite Young’s Modulus Perpendicular to Piber Direction

E_ = Piber Less Resin Young’'s Modulus in Fiber Direction

Metal Young’s Modulus

!ull."u = Metal Effective Young’s Modulus for Spherical

">
(]

Membrane

Bffective Isotropic Composite Young’s Modulus
F.S. = Factor of Safety
G = Composite Average Shear Modulus

h“ = Metal Thickness
hw = Composite Thickness

kf = Fiber Less Resin Extensional Stiffness = Eftf

2
kH = et = Metal Extensional Stiffness
M

L = Length

n, = Number of hoop Fiber Turns

0

na = Number of Helical Fiber Turns
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P = Pressure

’L = Initial Stress Pressure

’o = Operating Pressure

Pf = Pressure Carried by Fiber Less Resin

Pfo = Operating Pressure Carried by Fiber Less Resin

Pn = Pressure Carried by Metal

Pno = Operating Pressure Carried by Metal

P = Portion of Operating Pressure Resisted by Fibers in Hoop

féo
Direction

Puno = Portion of Operating Pressure Resisted by Metal in Hoop

Direction

A = Pressure Hoop Fibers Have to resist Upon Sudden Liner
Pos
Failure
P* = Static Piber Stress Pressure
Pw = Bgquivalent Static Pressure Metal Transmits to Fiber Wrap
Q = Average Composite Stiffness in the Principal Directions
R = Radius
t = Time

tf = Piber Less Resin Thickness

t“ = Metal Thickness

u = Radial Displacement




V = Volume
a = Helix Piber Winding Angle

c“ = lnll-v

M
al - 'wll-vw
A= n! Al

Lt“

A = Increment
Y = Shear Strain
€ = Strain

‘i = 1 AV = prestrain (initial strain)
3v

€ e, = Fiber Equilibrium Strain Prior to Liner Failure

b R |

€0 e, = Piber Equilibrium Strain After Liner Failure

euax = Maximum Fiber Strain

é = Effective Static Piber Less Resin Strain
£

% = Effective Static Hoop Fiber Le«s Resin Strain
ef

4 = Mass Density Per Unit Area

Yy ® Poisson’s Ratio of Metal

Ya ™ Bffective Isotropic Composite Poisson’s Ratio
g, = Fiber Less Resin Stress

ato = Operating Fiber Less Resin Stress

A-4




am = QOperating Hoop FPiber Less Resin Stress

atoo = Operating Helical Fiber Less Resin Stress
afai = Initial Helical Friber Less Resin Streas

‘!1 = Initial Piber Less Resin Stress

ami = Initial Fiber Less Resin Hoop Stress

é = Bquivalent Static Fiber Less Resin Stress
b 4

au = Matal Stress

‘0 ° Operating Metal Stress Before Liner Pailure

am = Operating Metal Hoop Stress Before Liner PFailure

s, " Composite Fiber Wrap Stress

au - lhtal Initial Stress
cmi = Metal Hoop Initial Stress
o

Wi = Composite Piber Wrap Initial Stress
7 = Shear Stress
® = Dynamic Amplification PFactor

@ = Natural PFrequency




A.2 Iwo-Dimensiona) Model
The description of the two-dimensional spherical model used for the

brittle liner failure mode analysis is outlined on Figure A-l. It is based

on the use of PISCERS finite difference transient computer progru‘. A

worst ;:m scenario assumes an instantanecus complete girth crack in the
brittle liner at zero time. A set of simplified Kevlar/epoxy composite
isotropic material constants used in the calculations are based on the

equations of Tsai and Paganosz

Q= % (331 + SB) ... (A1)

G=] (31 + 2:9 eee (A=2)
8

Yor B, = 2/3 x 19 X 10% = 12.67 x 10° psi,

and £, = 2/3 (0.95 x 10%) = .633 x 10° psi, we obtain’
from A-1 and A-2,
6
Q= 5.15 x 10° psi

G =1.74 x 106 psi

* Refers to equation numbers (typical)
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The equivalent isotropic Young’s modulus and Poisson’s ratio are found .

from,

Y =0 ... a-3)
l-vwz

_'l___ = G LN (A-‘)
2 (1+v“)

yielding upon substitution of above numerical values,

E, - 4G = 4.6 x 10° pet
1-G/Q

v, " 1;25 = 0.32

as the effective isotropic constants for Kevlar/epoxy overwrap. Computer
calculations were carried out for the structural model schematically shown
on Pigure A-2 using appropriate test PSC vessel pressures, geometries and
materials properties assuming complete slip and complete bonding at the

fiber/metal interface. The complete slip interface condition resulted in
higher fiber strains and better agreement with the strains measured in the

tests.




KEVLAR OVERWRAP
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NN
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FIG. A—2 PISCES SHOCK-RESPONSE MODEL DEVELOPMENT
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A.3 Ons-Dimensional Nodels

A.3.1 Transient Model
A.3.1.1 Static State
Por static equilibrium at pressures P and zero (prestress state) we

have,

On hu + Owh' = P—R ee e (A"s)

2
% P + %i Pw =0 ... (A-6)

Assuming linear elasticity, strain compatibility between pressure P

and zero requires,

u-i = Zwwi ... (A-T)

o, a
M W

from (A-5) - (A-7) one obtains for the static composite shell,

g, 0 PR_ 1
M- ML = 2h 1+ha ... (A-8)

M ww

h%y

€

%w=%wi =PRI2 = ‘1" i... (a-9)

% hMPH * hwa
w
If the fiber wrap is intact and the liner loses strength (aM = 0), we

determine from (A-5) and the fiber stress/strain relation, the static fiber

strain, 62, referenced_to the fiber zero stress state as,

€ =

2 gB een (A-lo)

aw -

- 2hwa
a w
w
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A.3.1.2 Transient State
Assuming the entire liner instantly loses strength, the equation of
motion for a spherical shell for rotationally symmetric radial motion, u

and extensional strain, ¢ = u/R, loaded with time varying pressure can be

wrlttona.

.G. + U2€ = L see (A.ll)

Ry

with 02 s 2hwa eee (A=12)
—

Rzn

The mass per unit area, u, contains the liner mass only if the liner
remains attached to the overwrap and participates in the motion.

The solution of (A-1l) with the initial condition, ¢ = ¢, at t = O,

1l
is,

€ =€+ (¢

2 - ez) cos wt ... (A-13)

1
The maximum strain occurs for cos wt = -1 and is given by,

€ = 6, *+ (6, - ¢

MAX 2 1) ... (a-14)
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The psak strain is the same regardless of the amount of liner mass
participating in the motion; only the frequency differs.

Test data fiber strain correlation calculations were made using
equations A-9, A-10 and A-14, together with PSC test vessel geometry,
effective fiber wrap isotropic constants, 301 cryo CRES liner material

properties and fiber prestrain values, ¢ Typical results are illustrated

i.

by the el, ¢2 and cuax values given on Pigures 2-17, 2-18 and 2~-19.

A.3.2.1 Dynamic Amplification factor

Just prior to composite vessel liner failure at pressure, P, the fiber

stress is af and it resists a pressure Pf, while the metal liner carries

the balance of the péessute, PM = P-Pf. When the liner fails suddenly, the

fibers have to carry an additional pressure, P , and their stress and

1

strain are increased to 9 and Q , respectively. It is postulated that the
4 £

additional fiber pressure P. is given by a dynamic amplification factor &

1

times the static pressure Pu that the metal was carrying just before it

failed. 1If Pl is large enough, fiber failure will occur at the test

verified 2% ultimate strain value. This model is formulated analytically

below using, for convenience, the results of prior work3. Terms are

defined in the nomenclature.

A
A P R =E€,_ ... (A=15)
af = af + MR = afi + AaEAP + ¢Pu © b A 4
te AP £
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R eee (A=
e:‘ . ;I < Rt (A-16)
LTy
Py = 1 . (A-17
P 1+ ktlku
g (A-18)

B, ¢ B, 1 4V ...
fi= "f i="f 3 v
Correlation of pertinent test data to date, using

Qf = .02, gave values of dynamic amplification factor ¢

range of 1.5 ~ 1.7 for the local gicth and boss weld regions
embrittled liner failure modes. Measured * _er strains for the
spherical lincg global embrittled failure mode were correlated by
static structural behavior (¢ = 1).
A.3.2.2 "PFail safe" Design Guide
A.3.2.2.1 Spheres
Recasting (A-15) specifically at operating pressure, with subscripts,
©, as defined in the nomenclature and specifying fiber and metal operating
pressures in terms of their static operating stress increments (measured
from the prestressed state) yields,

P, =Ado, t, ... (A-19)

fo fo £
R LI I}
R
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with P, + P = P_ ... (A-21)

Here,

Aﬂ = g -0 eoe (3.22)

Substituting in (A-15) one obtains,

g2 =R o
£F p, POt Y L (a-23)
R R
Taking for Kevlar -49, Ef = 19000 ksi,

e = ,02 fiber less resin ultimate strain and allowing for a design
£

factor of safety, F.S., we have from (A-23) the relation between
allowable static fiber operating stress, given metal static operating
rating stress increment and fiber to metal thickness ratio for "fail

safe” liner fragment retention by the fibers as,

Tgo = 38Q - 28A0,, alag

A-14




Taking now, ® = 1.7 (worst case eambrittled dynamic amplification
factor) and PS = 1.1, we cbtain as a spherical
prestressed composite tank "fail safe" design
guide the allowable static fiber operating
stress,

Oeo ™ 345 - 2‘2A0"° ves (A=25)

t'™
This relation is plotted on Pigure 2-20 of section 2. Values of fiber

operating stress, L equal to or less than the values shown on the
figure for given metal operating stress increment Aauo, and specified
fiber to metal thickness ratio, tf/tx, indicate "fail safe” retention

of spherical liner fragments by the Kevlar -49 fibers and benign

pressure venting to ambient. For example, at Aauo = 100 ksi and tfltM
= 3, values of fiber operating stress, %o < 231 ksi indicate "fail

safe” fragment retention behavior for sudden spherical liner failure

at operating pressure.
A.3.2.2.2 Cylinders

Based on the structural models/test data obtained for spheres and
successful test data correlation of 6" ¢ fiber wrapped cylinders on the
current program, we derive below a simplified "first cut"” liner fragment
retention design guide for cylindrical shapes, assuming a hoop fiber
fajilure mode in the cylindrical (non-head) region when the metal liner
fails suddenly at operating pressure. Differences in geometry and fiber
wrap pattern between spherical and cylindrical configurations may affect
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the accuracy of the results. Test data are cbviously needed to
verify/improve the model.
The cylindrical vessel of radius, R and cylindrical length, L, has a

metal liner of thickness, t , as sketched on Figure 2-21 of section 2. The

M

liner is fiber wrapped with hoop fibers with fiber area A;, per fiber,

having :l turns per unit of cylindrical length as well as helical fibers of
L

area Afn per fiber, inclined at an angle, a, with the axial centerline of

the cylinder as shown on the figure. The helical fiber turns per

circumferential length is nalztR as noted. The composite tank is
prestressed. At zero pressure, the metal liner is in hoop compression,

oﬁni, and the hoop and helical fibers are in tensions, and o

Teni fai’

respectively. The composite cylindrical vessel with closed ends is then

loaded with an internal operating pressure, Po.

Using netting analysis theory and measuring stress increments
(operating minus initial stress) from the zero stress state, we write the

well known hoop equilibrium equation in the form,

t + + =
Aauno ty nz AE Aa:“; na Afa sinqtana Aafao = APO Po
R LR 2132

ee. (A-26)
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The first term on the left hand side of (A-26) is the "hoop pressure”
:.sist’dvby the metal. The second term represents the hoop pressure
reacted by the combined hoop plus helical fibers. Symbodically, (A-26)
then becomes,

BP o * OP,, = OP_ = P (A-27)

Assuming, as for spheres, that the pressure, A9 £ the fibers have to

()
resist at sudden liner failure is the sum of the static pressure it carried
before liner failure plus a dynamic amplification factor, ¢, times the

pressure the metal was carrying before liner failure, we have,

Noting that the-hoop fiber strain increment is given by,

Aﬁ!: see

and using A-26 through A-28, we obtain,

A
BfAef = Aafao + na A: /22R 8ain a tan a Aafao «eoe (A=30)
By Bensr
For practical designs, na AEGEZIR is the order of unity,
na Aep/L
A-17




Ao = J Ao, and a is a small angle, 15° or less. The second term

fao 4 fH

on the left hand side of (A-30) is then about 5% or less of the first term

and is conservatively neglected.

Adding now the effect of initial fiber strain, ¢ , to

eri - “emi/® .

A A
obtain the total fiber strain, € = Acf + €eni and noting that % o™
A’fﬂo+ afni. we obtain,
E é =g + ot Ao
t f fHO __L___ MHO ... (A.31)
%9 Aen/L
Taking in A-31 !f = 19000 ksi, gf = ,02, &= 1.7 and allowing for a

factor of safety, PS = 1.1 yields,

%o * %4 Ay, S 345 ... (A-32)

with the effective hoop fiber to metal thickness ratio, S, given by,

Ltu

Equation (A-32), the preliminary design guide for cylindrical liner
fragment retention by Kevlar fibers is plotted on Figure 2-22 of gection 2.
It defines the maximum allowable hoop fiber operating stress for given
metal operating hoop stress increment and effective hoop fiber to metal
thickness ratio, 8. Fragment retention and fail safe behavior is defined

by the region bounded by the applicable 8 = constant curves.

A-18




o APPENDIX B - Evdrocen Embrittlement Paramsters/Test Data
This appendix discusses in detail the derivation of the hydrogen
.embrittlement parameters used in the controlled intentional embrittlement
of the 301 Cryo CRES liners of the Kevelar fiber overwrapped PSC tanks.
Hydrogen embrittlement was used to provide the sudden brittle liner failure
mode at operating pressure required to obtain "fail safe" experimental data
| as described in section 2 of the text.
Hydrogen embrittlement parameters and test data are summarized and
they are discussed in detail in ARDE Report EG 42001-3 "Interim Report
Kevlar 49 Overwrap Study Liner Failure Inducement by Hydrogen Embrittlement

Sub Scale Tests,” contained in this appendix.




3.1 Hvdrogen Embrittlement Parampeters

Intentional 301 CRES liner hydrogen embrittlement parameters

derived from the 11" ¢ and full scale 16" ¢ PSC vessel tests are

listed below.

Blectrolyte solution: 20cc lzso‘ + 980cc tap water + 500 mg

lahsoz. Additional solution volumes in same proportions.

Sensitize liner inside surface: cold pickle - nitric/hydrofluoric

acid solution (70°F-90°P).

Charging current: 6 mili anpc/i.n2 of surface to be embrittled.
Charging time: 72 hours

Hold time after charging: Pressure test within 3 hours after end
of charging.

Mask off areas not to

be embrittled: Adcoat AC818T liquid maskant

11" ¢ Hvdrogen Embrittlement Test Data Summary

Subscale (11" ¢) hydrogen embrittlement test data for 301 cryo

CRES spheres, P/N D39. +., Pigure B-~1l, are given in Table B-1l.

Bydrogen embrittlement test modes and hydrogen embrittlement vessel

burst test schematic are sketched on Figures B-2 and B-3,

respectively. Additional test details are given in ARDE Interim

Report EG 42001-3 contained in this Appendix.
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Introduction

ngose

The "catastrophic" failure mode testing program
of the Kevlar Overwrap Study requires that the vessel
liner fail in a brittle, unstable manner at a stress
range of 35% to 50% of metal liner UTS, which is the
liner operating pressure stress range for practical
composite vessel designs. For controlled testing, it
is desired that gas pressure cycling requirements be
minimized in order to be at the desired stress when
the vessel fails. The approach for achieving this is
to intentionally charge a cryoformed Cres liner with
hydrogen such that gas can be charged during a single
cycle to the desired pressure a'd that this pressure
cause rupture of the hydrogen embrittled structure.
second aspect of the test program is to »stablish the

appropriate vessel signature which indicates onset of

failure. This interim report describes the results of

testing three (3) sub-scale all metal vessels and the

readout obtained by acoustic emission equipment. This

testing effort is part £ contract Task II, Liner Failure

Inducement Study (subscale validation tests).

A difficult aspect of the test program was the
need to:
a) Not embrittle the boss area so as to
insure membrane failure.
b) Balance time between post charging and
test such that hydrogen does not leave the
vessel during test set-up.
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¢c) Pick up acoustic emission signals
with probes attached to the boss
extensions only.

1.2 - Approach and Summary of Results

1.2.1 Tank Embrittlement

In order not to embrittle the boss area,

Arde intentionally partially filled and rotated

the tank on a continuous basis. It was, however,

determined that metal membrane exposure to

hydrogen gas was not sufficient to balance out

the rate of gas escape from the unexposed area.

The solution to the problem was to apply a common
. strippablé coating to the desired area on the tank

inside surface. All vessels were held 24 hours

prior to pressure test.

1.2.2 Acoustic Emission Testing and Summary of Results

Utilizing Arde equipment, AET Model - 5000,
hydrogen embrittled tanks were monitored to try
and discern onset of failure. 1Initial difficulties
were associated with efforts to establish correct
gain settings and to find the best locations for
"taping” off the equipment circuitry. Results to
date indicate that meaningful signals can be

generated from the acoustic emission equipment.
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1.3

Sumhary of Conclusions to Date and Continuation
of Testing

All tanks tested to date indicate achievement
of rapid crack growth within the stress range of
interest while Acoustic Emission equipment
demonstrates an ability to discern the onset of
failure, but not without problems.

With the exception of the pre-proposal test
vessel, which had no 24 hour hold period after
charging, all vessels were charged and pressurized
twice before operating stress rupture occurred.

It has become apparent that a more reliable
approach to virgin vessel rupture can only occur
by an over-kill set of parameters. This will
result in shorter pressurization periods which
AF/RPL must consider in their pneumatic system
while assuring that pressurization rate will not
result in vessel over heating. This could well
require a heat exchanger. It is suggested that
set-up vessels be used in the program for the
pneumatic and other instrumentation shake downs.

Final resolution of the charging parameters
will be achieved by additional sub-scale testing.
The thrust of further testing will hinge on the
following aspects:

1. more chargin§ and less hold time with virgin

(one pressurization) rupture as an objective.
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2. further development of Acoustic Emission
techniques to reliably detect sub-critical
crack growth so that rupture prediction
can be definitized.

A summary of test results follows in Table 1A.

2.0 Test Set-Up

2.1 Test Articles

Arde's standard material evaluation spheres P/N D3912
(Figure 1 were used for hydrogen induced failure
demonstration. Existing vessels used to evaluate
specific heats of material were electrolytically
charged with hfdrogen and hydrostatically pressurized
to failurg. Arde's pre-proposal test was heat #88470,
annealed for this investigation, and tested as
described in Appendix .. Three (3) post award
subscale vessels were fabricated from Heat #88019.

2.2 Test Equipment:

2.2.1 Flasks capable of mixing electrolyte, .l molar
solution of sulphuric acid. Add 10 ml. of conc.

H SO4 to make 1000 ml. solution.

2

2.2.2 Power Supply: Lambda LA-200

2.2.3 Lead Anode: 3 in. long x 3/8" diameter, approx. dimensions.
It is important that anode current densities remain constant
from test to test. Full scale vessels will require

larger anodes.
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2.2.4
2.2.5
2.2.6

2.3
2.3.1

2.3.2

3.0

Maskant: Adcoat AC-818-T

Acoustic Emission Monitor System: AET 5000
Appropriate pre-cautionary measures for hydrogen
generation.

Baseline Parameters

Current densities: Anode (lead) density varied
depending on amount of electrolyte, but,
cathodic (vessel) density remained constant.

Two (2) cases of tests were performed. One in
which a 3%" electrolyte level was used; another
where 9-1/8" level was used. The vessels are
eleven (11) inch diameter and the current was
0.6 amps at the 3%" level/l1.6 amps at 9-1/8 level.
Electroiyte concentration: Same for all tests,

10 ml. of conc. H SO4 to make 1000 ml. of solutinn.

2
Specific Tests and Results

After hydrogen charging, all vessels were
subjected to burst testing as shown in Figure 2A-
Wit: the exception of the pre-proposal test
article, all tests utilized Acoustic Emission
monitoring techniques. Hydrogen charging fell
into two basic categories as shown in Figure 3A.
Discussion as to the reason for each mode is

presented under the specifics below.
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Heat #88470 S/N 008

Pre-proposal test article; results of which are
contained in Appendix 2. Basically, current

densities were very high. Vessel was charged in
vertical mode and immediately hydrostatic burst

tested after charging. The vessel burst 5 seconds
after achieving 110 ksi or 46% of burst.

Acoustic Emission monitoring techniques were not

used for this vessel. Post test examination

revealed approximately 50% through-wall embrittle-
ment. Vessel remained in one piece.

Heat #87719 S/N 004

This is the first subscale test of a series of

three performed under contract. This test article
took two (2) separate chargings and pressurizations to cause
"operating pressure failure". The first charging

was in the horizontal mode shown in Fig. 3Aand

Photo #1. An attempt was made to zero in on an
appropriate charging time by manually rotating the
vessel over a 28 hour period. The vessel was

rotated three times (120° apart) for 8 hours, 16 hours,
and finally 4 hours to provide over-lap chargings of
4, 8, 12, 16, 20, and 24 hours duration. The

cathodic (vessel) current density was such that the
11" diameter vessel was filled with 3%" of electrolyte

and charged with 0.4 amps. The vessel was then given
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a 24 hour hold period before pressurization.
Pressurization occurred on December 5, 1984. The
vessel was pressurized to a maximum pressure of
-3000 psig or 60% of calculated burst. The test set-up
is shown in Fig. 2Pand Photo #2. The vessel did not
rupture after approximately 50 minutes under
pressurization.
Acoustic Emission monitoring was attempted with
a single transducer mounted on the inlet pole. Gain
settings were such that too high a sensitivity was
achieved where false events due to background noise
were a problem.
Since the vessel did not rupture, a second
charging and test was initiated. The hcrizontal
charging mode was used again, but, no rotation and
current level increased to 0.6 amps for 48 hours.
The 24 hour hold period was maintained and vessel
pressurization/rupture occurred on December 10, 1984.
The rupture pressure was 2240 psig which is approximately
45% of burst. The pressurization time to failure was
approximately 2% minutes. This is cumulative time from
0 to 2240 psig, including a 12 second hold at 2240 psig.
The single probe, high sensitivity, Acoustic Emission
technique was used. Again, many noise level events
were recorded so that in arriving at a reasonable data

presentation, all events with "ring-down"counts less than
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10 were discriminated. "Ring-down" count is a measure-

ment of how many times the decaying sinusoid crosses .
the threshold voltage. Strong AE signals have many

"ring-down" counts, whereas syste' noise will have few.

See Fig. 4Afor Acoustic signature.

3.3 -Heat #88019 s/N 006

Since the previous vessel indicated that a
24 hour hold period was feasible, this vessel's
first charging was done in a configuration that
would embrittle the entire vessel membrane less
bosses. The vessel was rotated during charging.
See Photo #4. The cathodic current density
remained at 0.6 amps at the 3&’electrolyte level,
but, the time was increased to 90 hours to adjust
for approxiniately 3 times surface area. Normalized .
to the prior test, this represented 30 hours effective
versus the 48 hours used in the successful test of S/N 004.
The vessel was pressurized on 16 January 1985 to the
pressure profile shown in Fig. SA.

The set-up and Acoustic Mission sensor location is
shown in Photo #5. The Acoustic Emission sensitivity
level was decreased for this test to be above noise.

The vessel did not rupture. There was no acoustic
activity recorded.

A second charging was initiated where the vertical
mode of charging was used. (Same position as pre-proposal
article) In this case, the bottom of the vessel was
protected from electrolyte/hydrogen via Adcoat Maskant .
AC 818-T. The vessel was filled to a 9-1/8" electrolyte
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3.4

level and the cathodic current density remained the
same, i.e., 0.6 amps: 3%" as 1.6 amps: 9-1/8".
Charging time 48 hours with 24 hour hold before rupture
test.
- Vessel pressurization/rupture occurred on 21 January
1985. Test set-up is shown in Photo #6. The ruptured
vessel is shown in Photos #7 and #8. There is an
extensive network of sub-critical crack growth at the
vessel I.D. The vessel broke into three pieces even
under hydrostatic pressure. The pressure profile is
shown in Figure Gﬂsrupture occurred at 2760 psig
or approximately 49% of burst after 85 seconds of
pressurization.

Figures 7Aand 8Ashow the acoustic signature of
this test. The same decreased sensitivity level was
used as above. A linear type two sensor test was set up.
Figure 8fishows a distribution of acoustic activity,
0 represents port boss sensor and 98 represents the
opposite dome. Significant acoustic activity initiated
at 2000 psig or 30 seconds prior to rupture.

Heat #88019 S/N 003

This vessel was first charged to the 1.6 amp/9-1/8"
electrolyte level in the vertical mode. Maskant of
apex again used. 48 hour charging with 24 hour dwell
before pressurization. This test was a duplicate of the

prior test with S/N 006.
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Pressurization occurred on 28 January 1985 to
the profile shown in Figure 9 A. The maximum pressure
achieved was 2810 psig or 52 8 of estimated burst for

approximately 6 minutes. No failure; no Acoustic signals.

Acoustic Emission technique was a two sensor
linear type test at low sensitivity. The same
test as S/N 006 failure.

Post test examination via borescope and
radiography revealed some sub;critical crack growth.

The vessel was then recharged in a similar manner
as the first charging. Two acoustic emission techniques,
high (Test #2) and low (Test #1l) sensitivity were used
during pressﬁrization/rupture test. Sensor location
is shown in Photo #9. The pressurization profile is
shown in Figure 10A. Failure occurred after approximately
35 seconds from start of pressurization. Rupture occurred

at 2260 psig or 42% of ultimate. See Photo #10 and Figure 10.

Figures 114, 12‘) 134 and 14Ashow the acoustic
signatures and distribution of events by the two sensor
linear locatiqn software. It is noted that this data

discriminates ring-down counts less than 10.
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PHOTO #1
Heat #88019 S/N 004

PHOTO #2
Heat #88019 S/N 004
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PHOTO #3
Heat #88019 S/N 004

B~-22




PHOTO #4
Heat #88019 S/N 006

PHOTO #5
. Heat #88019 S/N 006
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PHOTO #6
Heat #88019 S/N 006
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PHOTO #7
Heat #88019 S/N 006

PHOTO #8
Heat #88019 S/N 006
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PHOTO #9
Heat #88019 S/N 003

PHOTO #10
Heat #88019 S/N 003
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03912 MOD

- Voltage
Téstilank Vol tage Regulator
Cathode Regulator

Boss Area
Masked
off

Anode

HZS?4 + IAP‘PZO

h — 20cc 980cc
000cc solution Vertical
' Mode
Horizontal (No Tank
Mode Rotation
(Tank Rotated
About Boss ¢
as Required -
Manually or
with Fixture)
SUB SCALE
HYDROGEN EMBRITTLEMENT
TEST MODES
FIGURE 13a
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BOSSES) BY USE OF MASKING.

o - R MENT TEST

A
(+)

CAN HYDROGEN EMBRITTLE CRYOFORMED

301 CRES LINER TO CAUSE SUDDEN

BRITTLE RUPTURE AT P/Pult= .4 -.5)

(REQUIRED P/Pylt = .35 = .55)

CRACK GROWTH/RUPTURE READILY

DETECTED BY ACOUSTIC EMISSION

SIGNALS.

CAN PREVENT HYDROGEN EMBRITTLE-
MENT OF LOCAL REGIONS (E.G.

ROTATION NOT REQUIRED,

TANK

o

RY
(-)

NOT ENOUGH HYDROGEN IN VESSEL
WALL TO CAUSE BRITTLE RUPTURE
IN A TIMELY FASHION AT
REASONABLE PRESSURE LEVELS
AFTER FIRST CHARGING CYCLE
AND 24 HR. HOLD (HYDROGEN
LEAK RATE OVERPOWERED
HYDROGEN CHARGED),

« JUST STABLE SUB-CRITICAL
CRACKS FORMED,

»- AFTER SECOND CHARGE CYCLE AND

24 HR. HOLD, BRITTLE RUPTURE
MOST OFTEN OCCURRED IN A
SHORT TIME ON THE WAY UP TO
DESIRED TEST “BURST” PRESSURE,

PROJECT:

« OBJECTIVE:
REPEATABLY.

ORRECTIVE ACTION

. ADDITIONAL TESTS REQUIRED TO REFINE BURST PRESSURE PREDICTION
PREDICT BURST PRZSSURE REASONABLY CLOSE AND

o HAVE RELEASED THREE (3) MORE SUB-SCALE
VESSELS FOR FABRICATION,

» CHARGING PARAMETER OPTIONS
o LONGER CHARGING TIMES ( 248 HOURS)

» HIGHER CHARGING AMPS
» LESS HOLD TIME
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APPENDIX B-1l

Hydrogen Concentration in the Wall
of the Pressure Vessel During

Charging, Hold and Test
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NORMAN 6. FEIGE ASSOC. ARDE, INC.

TO: DAVE GLEICH & STEVE BERKO

FROM: NORMAN FEIGE

SUBJECT: HYDROBEN CONCENTRATION IN THE WALL OF THE PRESSURE
VESEEL. DURING THE CHARBINS, HOLD CYCLE AND TEST

CYCLE.

The hydrogen diffusion reaction rates are defined by
Fick’s Law for the concentration of hydrogen through the
steel wall of the vessel. The rate reaction is an
exponential function. Equiljbrium or constant hydrogen
levels are never established because the hydrogen is charged
from the inside diameter surface only and the gas readily
leaks out of the vessel wall at the outside diameter surface.
The net effect is a very high concentration of hydrogen at
the inside surface which readily embrittles the metal and a
outside surface which is highly ductile. Based on very
limited experimental data combined with the rate reaction
equations the best guess as to the shape and concentration of
hydrogen in the vessel wall is as follows:

Hypeoeen tevee, PP —»

iSppmH

IT.0 1;““d, 0.0
With the rather dilute acid used in the experiment the
charging time must exceed 24 hours to obtain a sufficient
hydrogen gradient to initiate the cracking of the vessel near
the inside diameter surface. As the bottle is stored in air
the hydrogen continues to diffuse out or leak ocut from both
the inside and ocutside surfaces and na hydrogen effects are
ocbserved. Fick’'s Law also controls the loss of hydraogen with
time. The predicted shape of the hydrogen concentration
curve verses wall thickness and time is shown as fallows:
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As the bottle is pressurized the region of the bottle
exceading 9 ppm hydrogen will rupture almost immediately at
approximately 30X of the predicted burst pressure. The flaws
created are subcritical in size for bottle burst and the
flaws blunt with the observed crazed pattern on the bottle
inside diameter surface and the later-al contraction of the
outside diameter of the surface of the shell wall. Of the
bottles burst to date the region exceeding 9 ppm hydrogen
represents between 40 to 60Z of the vessel wall thickness.

Based upon very limited test data it appears that the
sonic indications initially increase in intensity as the
bottle breaks up into platelets supported by an outer ductile
surface. As the strain is redistributed the sonic
indications decrease with increasing pressure. The burst
pressure of the bottle is now dependent upon the ductile
ligaments between the platelets to support the load. If the
critical hydrogen level has exceeded S50%Z of the wall the
burst pressure will be reduced accaordingly.

The rate controlling reaction to failure with a
subcritical flaw now becomes dependent upon the rate of
diffusion of the hydrogen in the lattice diffusing to the
crack tip, and the stress intensity of the crack tip which
lowers the critical hydrogen level to cause rupture. One has
the following three options to reduce the rate of the
reaction:

1. Lowar the hold pressure to reduce the stress
intensity at the crack tip to increase the time to
failure.
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2. Attempt to reduce the size of the high hydrogen
region ta reduce the initial flaw size.

3. Pressurize the bottle quickly to override hydrogen
diffusion which extends the flaw length and reduces
- the section thickness supporting the load.

In the first case the frequency of cracking should
slawly increase with time at the lower hold pressure as the
increasing stress intensity at the crack tip lowers the
required hydrogen level at the tip to extend the flaw. In
the second case the initial number of sonic indications
should be lawer with the time to failure extended. The
limiting factor is the control of the amount of hydrogen
charged. If the hydrogen level is below 35 ppm, no initial
flaw is created at the inside diameter surface. In the third
case the ability to reach the desired burst pressure of 50%
of design burst may not be achieved.

It would appear that through wall tank embrittlement can
only be obtained by simultaneously charging hydrogen on both
the inside diameter and ocutside diameter surfaces of the
vessel. The time tao failure will be abrupt at 354 of the
design burst pressure if the hydrogen level exceeds 9 ppm at
the surfaces. The experiment in a practical sense is
difficult with a fiber wound bottle.

Increasing the hold time after charging does not
establish an equilibrium hydrogen leval throughout the vessel
wall. Plating the vessel with copper, aluminum or silver to
prevent hydrogen adsorption has been reported successful.
However, the technique does not work in the reverse as the
hydrogen either diffuses through the coating or comes out at
defects forming gas blisters under the plate. Therefore,
plating the outside diameter surface of the vessel to prevent
the loss of hydrogen does not appear feasible.

1f bottle fragmentation is desired in the bottle burst
experiment the most pragmatic approach is to craze the inside
diameter wall surface with brittle hydrogen cracks and obtain
burst between 354 to 50%Z of predicted burst by rapid
- pressurization.

O0f the options available the most reliable appears to be
the rapid pressurization of the vessel above 357 of the
design burst preasure aof the vessel or just after the first
sonic indication is recorded. Lowering the hold pressure to
increase the time to failure has no technical advantages
other than guaranteeing a lower gas temperature in the bottle
at burst. Lowering the hydrogen level runs the risk that no
failure occurs, requiring recharging with hydraogen.
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1.0

2.0

SCOPE

To demonstrate the effect of hydrogen contamination

to cryoformed vessel.

DISCUSSION

A cryoformed, unaged spherical vessel per P/N 3912,

S/N 008 of Heat No. 88470 was charged with hydrogen
from its internal surface per procedure defined in
Appendix 3. This vessel was leftover from the

material evaluation where it was cryostrained at 8.36%
and hydrotested at room temperature to a maximum
yielding pressure of 7160 psi and vented when it dropped
to 7060 psi. The vessel did not break and its computed
burst strength was 238 ksi. See Appendix4 , Heat 88470

Material Evaluation Test Report.

Hydrogen was then charged to the vessel as outlined in
Appendix 3 and hydrotested at 3300 psi to simulate the
working pressure stress of 110 ksi when used as a liner
in Prestress Composite Assembly. The vessel burst in a
brittle manner after holding for about five (5) seconds.
The brittle fracture surface was clearly evident and it
extended about 50% of the wall thickness around the
electolyte/air interface. The vessel did not break into
pieces (See Figure<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>